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Individual calves show substantial between- and within-individual variation in their feeding

behavior, the existence and extent of which are not fully researched. In this study, 57,196

feeding records, collected by a computerized milk feeder from 48 pre-weaned calves

over 5 weeks, were collated and analyzed for individual differences in three different

feeding behaviors using a multi-level modeling approach. For each feeding behavior, we

quantified behavioral variation by calculating repeatability and the coefficient of variation

in predictability. Our results indicate that calves differed from each other in their average

behavioral expression (behavioral type) and in their residual, within individual variation

around their behavioral type (predictability). Feeding rate and total meals had the highest

repeatability (>0.4) indicating that substantial, temporally stable between-individual

differences exist for these behaviors. Additionally, for some behaviors (e.g., feeding rate)

calves varied from more to less predictable whereas for other behaviors (e.g., meal size)

calves were more homogenous in their within-individual variation around their behavioral

type. Finally, we show that for individual calves, behavioral types for feeding rate and

total meals were positively correlated which may suggest the existence of an underlying

factor responsible for driving the (co)expression of these two behaviors. Our results

highlight how the application of methods from the behavioral ecology literature can

assist in improving our understanding of individual differences in calf feeding behavior.

Furthermore, by uncovering consistencies between individual behavioral differences in

calves, our results indicate that animal personality may play a role in driving variability in

calf feeding behavior.

Keywords: feeding behavior, health and welfare, dairy calves, precision livestock farming, animal personality

INTRODUCTION

Repeated measures of livestock behavior are currently available to researchers and farmers thanks
to the increasing sophistication and availability of sensor technologies (1–3). This has opened
opportunities to continuously observe and analyze behavior at the level of individual farm
animals. Such individualized monitoring can improve management, for example, by improving
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heat detection in dairy cattle (4). In addition, numerous
technologies are being developed that may assist in detecting
ill health in livestock by detecting changes in behavior that
precede or occur alongside clinical disease [e.g., (5–7)]. Sensors
could also be used to quantify potential indicators of positive
welfare, such as play behavior in calves (8). However, different
individuals tend to behave differently. Individuals may differ
in their average behavioral expression (e.g., can be more or
less active) or may differ in the degree to which their behavior
varies around their respective means (9, 10). Where present,
this variability in behavior may have important implications
for behavioral monitoring since failure to account for normal,
intrinsic variation (i.e., treating all animals the same) could result
in false inferences and mislabeling, and hence impede successful
algorithm development. In addition, the underlying behavioral
tendencies that drive contextually and temporally consistent
between-individual differences is termed animal personality
(11). Differences in farm animal personality have implications
for health, welfare, and productivity (12–14). Improving our
understanding of the existence and extent of individual variation
in behavior is an essential first step to enable researchers to exploit
the potential of individualized behavioral monitoring.

The advancement of methods and measures in behavioral
ecology offers a valuable opportunity to assess individual
differences in behavioral expression [e.g., (15–18)]. These
methods use repeatedmeasures of animal behavior in amultilevel
modeling framework allowing the calculation of behavioral
measures that are statistically defined (19). For example, an
individual’s behavioral type corresponds to the value of its
random intercept and, respectively, the individual’s position
upon a behavioral spectrum (16). The measure repeatability
indicates the proportion of within- and between-individual
variation in a behavior that can be explained by differences
between individuals (20). Another measure is predictability,
which quantifies the degree to which behavioral observations
vary around an individual’s average behavior or behavioral type
(10). This approach is especially relevant for high-precision
observations with low measurement error, where residual
variation is assumed to be mainly systematic and biologically
meaningful. Multivariate mixed modeling approaches build on
this approach by allowing behavioral types and predictability,
as well as correlations between these measures, to be estimated
within a single statistical framework (18). Where correlations
between these exist, these are termed behavioral syndromes the
uncovering of which can improve our understanding of how
different behaviors are related (21).

Monitoring feeding behavior in livestock is important for
assessing productivity and evaluating health and welfare (22).
Within dairy farms, the increasing use of computerized milk
feeders for pre-weaned calves means that a wealth of data
detailing calf feeding behavior is readily available. A large
body of literature exists that harnesses these data to explore
a variety of questions, such as the effect of different feeding
regimes, changes in behavior that occur prior to ill health and
differences in feeding behavior between personality types (23–
25). While significant between-individual variation in feeding
behavior has been reported in calves (26, 27), no studies

have employed a quantitative approach to explore within and
between-individual variability. Quantifying the repeatability of
different feeding behaviors in calves could assist in characterizing
consistent inter-individual differences in behavioral variation.
Quantifying the coefficient of variation in predictability for
each behavior could help identify behaviors for which calves
differ in their residual intra-individual variation around their
behavioral type. Correlating measures of behavioral variation
among individuals gives us new insights into how these measures
may be related. Such a quantitative analysis could form the basis
of future work exploring the phenotypes of calves based on their
feeding behavior.

In this study, we used repeated measures of feeding behavior
obtained from a computer-controlled automatic milk feeder
to quantify individual differences in feeding behavior in pre-
weaned dairy calves using a multivariate multilevel modeling
approach. First, we quantified individual variation in the average
expression of behavioral traits by calculating the behavioral type
for each calf and repeatability for different feeding behaviors.
Second, we quantified differences in predictability by calculating
residual intra-individual variation (rIIV) for each individual and
the coefficient of variation in predictability for each behavior.
Finally, we report the correlations between behavioral types and
rIIV estimates.

MATERIALS AND METHODS

Data Collection
Calf Recruitment
The study was conducted at the Centre for Dairy Science
Innovation at the University of Nottingham, UK. All calves
enrolled in the study were born at the farm between March
26, 2021 and August 29, 2021. There were 64 calves enrolled
in the study; all calves were Holstein Friesian and female. This
study used data collected by a computerized milk feeder (Forster-
Technik Compact Smart) during the first 35 days of a period
of group housing which took place as part of routine calf
management. There were 16 calves per group and data were
collected for four groups (cohorts) of calves.

Calf Management

Housing
Calf housing consisted of two stages: first, a period of pair
housing (i.e., two calves per pen) followed by a period of group
housing (16 calves per pen). At the first stage, calves were
removed from the dam within 4 h of birth and housed in a
straw-bedded pen (3m × 2m) in pairs (the two calves closest
in age were paired together). Each pair had access to a feeding
station which was equipped with a teat and operated by a
computerized milk feeder. The feeding stations were ∼1m ×
0.5m and equipped with sides but there was no back gate to
prevent displacements at the feeder. Each computerized milk
feeder operated four feeding stations.

The second stage of housing commenced once 8 pairs of calves
(i.e., 16 calves) reached a minimum of 21 days old. These calves
were then grouped together in a large straw bedded pen (6m
× 12m). Throughout this group housing period, each group
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of 16 calves had access to a single milk feeding station (i.e.,
1 teat per 16 calves). The feeding station was not equipped
with a back gate and there was one computerized feeder which
operated two feeding stations (i.e., it fed 32 calves split between
two pens). Data collection for this study took place during the
first 35 days of this second stage (i.e., the period of group
housing) only.

Feeding and Colostrum
Within 2 h of birth, calves were fed 4 l of pasteurized colostrum
as per farm protocols. All colostrum is checked for quality
using a colostrometer (a hydrometer that estimates IgG density
by measuring colostrum density). The colostrum protocol is
routinely evaluated by screening subsets of calves for failure of
passive transfer by checking total serum protein levels using
a refractometer (failure of passive transfer is defined as serum
total protein levels < 5.0 g/dL). Post-colostrum, calves are
fed pasteurized transition milk (4 l twice daily) from a bucket
equipped with a teat until 2 days of age. At 2 days of age, farm staff
gently guided calves toward the feeding station present in the pen
where the calves were shown the teat and fed a milk allowance by
the computerized feeder. From this point, the calves learned, with
occasional assistance by farm staff, to feed from the teat present
in the feeding station.

Each calf was equipped with an RFID ear tag and each feeding
station was equipped with an RFID reader. This allowed the
computerized milk feeder to recognize the identity of each calf
when present at the feeder, mix a portion of milk replacer from
milk powder and warm water (130 g/l), and dispense the calf
a milk allowance. All calves were fed the same milk replacer
(Milkivit Energizer ECM, Trouw Nutrition GB) for the entire
milk-feeding period. Upon recognition of the calf ’s RFID ear
tag at the station, if the calf is due a milk feed it is dispensed a
maximum of 2 l per feed. Once the calf has drank the allowance
(called entitlement), the next entitlement will not be dispensed
another for another 2 h. If the calf does not drink the whole 2-l
entitlement, the remaining is kept available for the next 2 h after
which time the entitlement restarts at 2-l.

The computerized feeder was preprogrammed to allocate each
calf a total daily milk allowance which renewed from 00:00:00
every morning. The daily allowance fed by the computerized
feeder started at 6 l at 2 days old and increased daily in line with
age, reaching 8 l at 5 days old. From 8 days old, the daily allowance
increased daily reaching a plateau of 10 l from 40 days old. During
the second stage (i.e., group housing), all calves, regardless of age,
were fed 10 l daily for the 35 days following the move to the group
pen. After this, the allowance was reduced by 400 ml/day. This
meant that 25 days later (i.e., after 60 days in the group pen) the
milk allowance was reduced to 0. Calves had ad libitum access to
concentrates (FiMLAC Sweet Start Pellets), chopped straw, and
water throughout.

Health Monitoring and Vaccines
A veterinary surgeon manually inspected all calves twice weekly
for any signs of ill health using the Wisconsin calf health
scoring system (28). This system combines rectal temperature
and weighted scores of clinical signs (i.e., nasal discharge)

TABLE 1 | Number of calves included in analysis per cohort as per the inclusion

criteria detailed in the methods and age of calves at start of data collection.

Cohort 1 Cohort 2 Cohort 3 Cohort 4 Overall

Calves

Calves excluded 4 6 3 3 16

Calves included 12 10 13 13 48

Age at trial start (days)—included calves only

Mean 34.4 31.8 41.0 39.9 40.0

Min 21 23 26 26 21

Max 48 39 54 50 54

to detect ill health in calves. In addition, farm staff visually
inspected calves twice daily. Any calves with signs of ill
health were treated according to the farm protocols and advice
from the farm’s veterinary surgeon (e.g., antibiotic and anti-
inflammatory for respiratory disease, oral rehydration therapy
for mild diarrheal disease). Calves were vaccinated with a vaccine
against respiratory disease (Rispoval RS+Pi3 IntraNasal; Zoetis)
at 9 days of age.

Data Acquisition and Selection
The computerized milk feeder used in this study logs each
visit a calf makes to the feeder on a software program. Data
recorded by the feeder include calf identity, date, time the
calf entered the feeder, time the calf left the feeder, if the calf
was entitled to a milk feed, feed consumption, and feeding
rate for each visit. A new visit (row) was created whenever
the RFID reader loses and then regains contact with an
RFID tag.

Data from the computerized milk feeder for the group-housed
calves were downloaded and combined. The first 2 days of group
housing were excluded to allow a period of acclimatization to the
new environment and feeder. The subsequent 33 days of group
housing were included in this analysis to ensure that all calves
were on a level feeding plane prior to any reduction in milk
allowance. We excluded all calves that were categorized as sick
by our health scoring from our analysis (Wisconsin score > =
5; n = 16) to ensure no clinically diseased calves were included
in our study (Table 1) (28). Due to technical problems (failure
to save data onto an SD card) and management procedures (e.g.,
cleaning of pens) amaximumof 10 days and aminimumof 3 days
were excluded for each group. The remaining data corresponded
to 57,196 rows.

Data Processing
Meal-Based Criterion
All preprocessing and analysis were undertaken in R software
(version 4.1.0) (29). We grouped visits to the feeder by the same
calf that were closely clustered in time (<100 s) into a single meal.
Meal based estimates better characterizes calf feeding behavior
compared to studying visits alone, since they allow the calculation
of interesting characteristics such as whether each meal was
associated with a milk feed, whether the calf was entitled to milk
feed, and total feed consumption during each meal. Clustering
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TABLE 2 | Definition of feeding behaviors used.

Feeding

behavior

Definition

Total meals Daily sum of all meals. This variable includes meals where the

calf is entitled to a milk feed and meals where the calf is not

entitled to a milk feed.

Meal size Mean daily meal size calculated from meals where the calf is

entitled to milk and consumes a milk feed within the same

meal. It corresponds to the quantity of milk consumed divided

by the number of these meals.

Feeding

rate

Mean daily feeding rate calculated by the feeder and reported

for each visit. We only included visits where the calf is entitled

to a milk feed and consumes milk.

visits into meals requires the usage of a meal criterion. A meal
criterion corresponds to a maximum time interval between the
end of the same calf ’s visit to the feeder and the start of its next
visit, to consider these visits as part of the same meal (30, 31). We
used a simple method previously described in adult cattle where,
for each calf, the interval between consecutive visits to the feeder
is calculated, and its log-transformed distribution plotted (32).
Visual inspection revealed three distributions with intersections
of ∼100 s and 1,600 s. Since we are interested in the quantifying
returns to the feeder that could occur within the longer interval
period of 1,600 s (∼26min), we chose the shorter period of
100 s as our meal criterion (see Supplementary Material for
further detail).

Feeding Behaviors
For each calf and for each day of the group-housing period,
we calculated variables to describe the calves’ feeding behavior.
These are detailed in Table 2. During this stage of the
preprocessing a small number (n= 4) of non-sensical recordings
(assumed measurement errors) were excluded.

Analysis
All statistical analyses were carried out using R software (version
4.1.0) (29). Code for the figures was adapted from Hertel et al.
(15, 16).

Multivariate Double Hierarchical Generalized Linear

Model
We ran a single multivariate double-hierarchical generalized
linear model (DHGLM) with the three feeding behaviors (feeding
rate, total meals, and meal size) as response variables using the
“brms” package in R (33). A DHGLM was chosen as it includes
two parts; a “mean” and a “dispersion” part. The mean part of
the model is focused on the estimation of individuals’ means
while the dispersion part is concerned with modeling the residual
variance (i.e., the variation around the mean). The model can be
written as Equations 1, 2 for mean and Equations 3–6 for the

dispersion part of the models (17).

Yi = Xβ + Zα + ε (1)

α ∼ N
(

0, Imσ 2
α

)

, (2)

ε∼N
(

0, Diag{σ 2
ε}

)

, (3)

log(σ ε) = ηd, (4)

ηd= Xdβd + Zdαd, (5)

αd ∼ N
(

0, Imω2
σd

)

(6)

In the model α represents individual-specific random effect
variation, Yi represents the response variables (feeding rate,
total meals, and meal size), X represents the fixed effects, Z
the random effects, residual deviations from the prediction
are represented by ε. Terms Xd represent the fixed effects
for the dispersion part of the model, Zdαd the random effects
component of the dispersion, and ω2

σ represents the dispersion
model hyperparameter. Between-individual random effects of
variance (α) are assumed normally distributed as well as αd and
individual-specific residual standard deviations (σ 2

ε ) are assumed
to follow a log-normal distribution. For both the mean and
dispersion parts of the model, we included age at grouping, day
number, and their interaction term as fixed effects. We included
individual Calf ID and cohort as random effects. All distributions
were specified as Gaussian. To capture a Gaussian posterior
distribution, we log transformed the variable total meals. Meal
size was transformed using an ordered quantile normalization
which was selected using the “bestNormalize” package in R (34).
Feeding rate was normally distributed. All variables were scaled
after transformation (mean= 0; SD= 1).

We used uninformative priors for both fixed and random
effects. We ran four chains for 12,000 iterations, a warmup of
4,000 iterations, and a thinning interval of 4. Model diagnostics
indicated satisfactory convergence with R < 1.01 and effective
sample sizes> 400. Posterior predictive checks indicated that the
underlying Gaussian distribution was satisfactorily captured.

Repeatability Estimates
Repeatability Rpt was defined as the variance among group
means (i.e., the variance explained by differences between
individual calves) VCalfID over the sum of the variance
explained by differences between individual calves and the
residual variance Vresidual that reflects the variance within
individuals. In our model Vresidual corresponds to the
population intercept of the residual model and was converted
to a variance by taking its exponent and squaring the resulting
value (15).

Rpt=VCalfID/(VCalfID+ Vresidual)

Rpt values are between 0 and 1. Higher values of Rpt for a
behavior indicate the population is composed of individuals
that behave consistently differently from each other whereas low
values indicate that individuals are more similar. We describe
our results for Rpt as higher or lower with reference to a meta-
analysis which summarized 759 estimates of repeatability from
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114 studies and indicated that the mean level of repeatability was
0.37 [0.36–0.38] (20).

Coefficient of Variation in Predictability Estimates
For each behavior, we used the dispersion part to estimate the
residual intra-individual variation (rIIV), after controlling for
fixed effects, for each individual calf (17). Calves with higher
rIIV are less predictable (i.e., have greater variation around
their means) than calves with lower rIIV. For each behavior,
between-calf variation in rIIV was quantified by calculating
the coefficient of variation in predictability CVP. This measure
quantifies the population-level variation in predictability (17).
In the equation below, the term ω2 represents the dispersion
model hyperparameter (the estimate for individual differences in
residual variance) which can be extracted from the DHGLM.

CVP=
√
(exp(ω2−1)

CVP values are between 0 and 1. Higher values of CVP for a
behavior indicate the population is composed of individuals that
vary in their rIIV (i.e., a mixture of predictable and unpredictable
individuals), whereas a lower value for CVP indicates that
individuals express similar levels of behavioral variation around
their respective behavioral types. We describe our results for
CVP as higher or lower with reference to a meta-analysis which
summarized 64 estimates of CVP from 39 studies indicated that
behavioral traits had mean CVP of 0.27 [0.22, 0.33] (35).

Correlations Between Variance Components
In addition to calculating behavioral types (the mean behavior
after controlling for fixed effects) and the rIIV for each behavior
the multivariate DHGLM computes the correlations between
these estimates. Since these behavioral types and rIIVs are
estimated in the same framework, any uncertainty around
estimates of the mean is carried forward into the correlations
between these. This approach allows us to test for correlations
between behavioral types and predictability estimates (i.e.,
feeding rate behavioral type and total meals behavioral type)
while avoiding the potential pitfall of inflated p-values that can
occur when uncertainty around model estimates is ignored (18).

RESULTS

Calf Feeding Behaviors Have Different
Repeatability
The degree to which individuals differ from each other, as a
proportion of within and between individual variation, varied by
behavior and is reported in Table 3. Table 3 reports repeatability
after controlling for the effect of age, day number, and cohort
(adjusted repeatability) of the feeding behaviorsmonitored in this
study. Repeatability was highest for feeding rate followed by total
meals. Repeatability was considerably lower for meal size.

Figure 1 illustrates the concept that different behaviors have
different repeatability by plotting behavioral type estimates on
a spectrum from low to high. Behaviors are Z-transformed
(mean = 0, SD = 1) to facilitate comparison. As a proportion
of total behavioral variation, behaviors with high repeatability

TABLE 3 | Mean, median, inter-quartile range, repeatability, and coefficient of

variation in predictability for total meals, feeding rate, and meal size.

Feeding rate

(ml/min)

Meal size (ml) Total meals (n)

Mean 831 1,989 10.1

Median 835 2,045 9

IQR 770–901 1995–2054 7–12

Repeatability

Estimates 0.50 0.03 0.42

CrI 0.32–0.68 0.00–0.06 0.30–0.55

Coefficient of variation in predictability

Estimates 0.27 0.07 0.13

CrI 0.21–0.37 0.00–0.13 0.06–0.21

IQR and CrI correspond to interquartile range and credibility interval, respectively.

(e.g., feeding rate) had greater between-individual differences
in behavioral type than behaviors with low repeatability
(e.g., meal size).

Calf Feeding Behaviors Have Different
Coefficients of Variation in Predictability
For each behavior, the degree to which calves differ in terms of
their predictability, i.e., the degree to which individual calves
differ in their residual intra-individual variation around their
respective means, is quantified by the coefficient of variation
in predictability in Table 3. The coefficient of variation in
predictability was highest for feeding rate.

Less predictable individuals have high variance around
their respective behavioral types (high residual intra-individual
variation), while more predictable individuals have low residual
intra-individual variation (rIIV). Figure 2 illustrates the
concept that different behaviors have different coefficients of
predictability by plotting rIIV estimates on a spectrum from
low to high. Behaviors are Z-transformed (mean = 0, SD = 1)
to facilitate comparison. Behaviors with higher coefficients of
predictability (e.g., feeding rate) have greater between individual
differences in rIIV than behaviors with lower coefficients of
predictability (e.g., total meals and meal size).

Calves’ Feeding Rate Behavioral Type Was
Correlated With Their Total Meals
Behavioral Type
Estimates of our multivariable double hierarchical mixed model
indicate that there was a significant positive linear correlation
(r = 0.29 [0.00–0.54]) between individual calves’ behavioral
types for feeding rate and total meals as is shown in Figure 3.
This result shows that calves that drank faster had more meals,
and calves that drank slower had fewer meals. No correlations
were present between individual calves’ predictability (rIIV) and
behavioral types for the other behaviors, these are detailed in the
Supplementary Materials.
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FIGURE 1 | Posterior distributions of behavioral types from the double hierarchical mixed models for feeding rate, total meals, and meal size for each calf. The models

controlled for between-individual differences in age, day number, and cohort. Variables are Z-transformed (mean = 0, SD = 1). The ridges indicate the posterior 95%

credible interval, and the different colors correspond to the different cohorts. Repeatability (Rpt) is reported in the bottom right corner of each panel.

DISCUSSION

Our study is the first to quantify individual differences in

calf feeding behavior at the between- and within-individual

levels. Behavioral type refers to individual’s average behavioral
expression and predictability refers to its within-individual

variation around its behavioral type. For each behavior,
individual calves can be situated both on a spectrum of behavioral
types (low to high) and a spectrum of predictability (low to
high). The repeatability (the degree to which these individual
differences in behavioral type explained the total variation) varied
by behavior and was greatest for feeding rate and lowest for meal
size. The coefficient of variation in predictability (the degree to
which individuals differed from each other in their predictability)
was greatest for feeding rate. Interestingly, for feeding rate and
total meals, our results revealed a within-individual correlation
between behavioral types, suggesting a behavioral syndrome for
this behavior. This result indicates that calves may be placed on
an underlying axis with calves that drink more quickly and visit
the milk feeder more frequently at one end to calves that drink
more slowly and visit the feeder less frequently at the other.

Repeatability was highest for feeding rate indicating that
calves had consistently different feeding rates. High levels of
between-individual variation in feeding rate have been noted in
calves (26), and between-individual variation in feeding rate has

been examined in rats (36), pigs (37), and goats (38, 39). Our
results support the idea that feeding rate is a robust feature of
the individual in a variety of species (40). The degree to which
calves differed from each other in their predictability, quantified
by the coefficient of variation in predictability, was also greatest
for feeding rate. Our results suggest that calves with predictable
and calves with unpredictable feeding rates coexist.

The existence of between-individual variation in behavioral
types and in predictability has implications for studies that aim
to detect ill calves by use of their feeding behavior. The fact that
calves differ in their behavioral type for some feeding behaviors
(i.e., feeding rate, total meals) means that algorithms aiming to
detect abnormalities using this behavior will need to account
for different behavioral types for each calf. This can be achieved
with approaches such as cumulative sum, which aims to detect
abrupt change from an individualized baseline (41, 42). However,
our results also suggest that for behaviors with relatively higher
coefficients of variation in predictability, such as feeding rate in
our study, it may also be necessary to allow different individuals
differing levels of variation around the mean. This may be
necessary to avoid flagging unpredictable but otherwise healthy
individuals as abnormal.

We can also consider how these results may relate to the
study of animal personality. Animal personality is defined as
underlying behavioral tendencies that drive contextually and
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FIGURE 2 | Posterior distributions of residual intraindividual variation (rIIV) from the double hierarchical mixed models for feeding rate, total meals, and meal size for

each calf. The models controlled for between individual differences in age, day number, and cohort. Variables were Z-transformed (mean = 0, SD = 1). The ridges

indicate the posterior 95% credible interval, and the different colors correspond to the different cohorts. The coefficient of predictability (CVp) is reported in the bottom

right corner of each panel.

temporally consistent differences between individuals’ behavioral
expression (11, 43). The study of animal personality is based on
the characterization of between individual behavioral variation
and behaviors with high repeatability, such as feeding rate in our
study, are particularly useful to the study of animal personality
(20). Indeed, one study in calves found that individuals that had
lower feeding rates were slower to interact with a novel object
(more fearful) (44). Furthermore, in other species, an individual’s
boldness has been linked with its predictability (10). Bolder
and more risk-taking individuals are more predictable, possibly,
because they are less likely to change their behavior in response to
micro-environmental perturbations (45–47). Between-individual
variation in predictability is an axis of behavioral variation that
has not previously been explored in calves. Recent work in
adult cattle indicates that those individuals with lower within-
individual variation (i.e., more predictable) may be better able
to cope with their environment (48, 49). Future research could
explore how feeding behavior behavioral types and predictability
estimates in calves are related to personality traits as well as
medium- and long-term health and production outcomes.

Repeatability was lowest for meal size. This result contrasts
with one study in goats where meal size had high repeatability
(38). Calves in our study were fed a restricted feeding plan using
the automatic feeder, which allocated a maximum meal size of

2 l and restricted total daily intake to 10 l. In addition, there
were 16 calves present for a single feeder which is likely to have
led to some competition between calves for access to the feeder
(50). These constraints may have prevented calves displaying
their preferred meal size and number of meals, especially if their
preference exceeded the limits imposed or if they were frequently
displaced. Nonetheless, there was evidence for moderate levels of
repeatability for total meals. The variable total meals is the sum of
meals with entitlement and meals without entitlement. Between-
individual variability in the number of meals with entitlement is
likely to be limited by the feeder due to the restrictions on total
meals size and total daily intake. No such limits are present for
meals without entitlement indicating that the between individual
variation in total meals could be largely driven by meals without
entitlement. Fewer visits to the feeder without entitlement are
associated with ill health in dairy calves (24). Our results suggest
that to use this behavior as a feature to predict ill health it may
be necessary to first account for substantial between-individual
variation in the number of visits to the feeder.

Results from our model show a positive and significant
correlation between total meals and feeding rate behavioral
types. This result indicates that calves that had higher behavioral
types for feeding rate also had higher behavioral types for total
meals. Among individual correlations between behavioral types
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FIGURE 3 | Visual representation of the line of best fit of the among-individual correlation (r) between feeding rate behavioral type and total meals behavioral type.

Posterior means and 95% credible intervals of point estimates for each calf are shown.

of distinct behaviors have been termed behavioral syndromes,
a concept that is used to support the idea that there are
underlying traits that drive the expression of more than one
behavior. For example, in animal personality research, behavioral
syndromes are of interest as they may relate to an underlying
personality trait that is responsible for the co-expression of suites
of correlated behaviors (21). More broadly, the identification
of behavioral syndromes is an important area of research that
is helpful for understanding the (co)evolution of behaviors
or behavioral specialization within a group (51). Indeed, it is
possible that a behavioral syndrome exists between feeding rate
and total meals because of an underlying factor that drives
them both. For example, the paradigm of pace of life hypothesis
developed in behavioral ecology situates individuals on an axis
between fast and slow pace of life (52). Benefits of a fast
pace of life include higher metabolism, growth, and earlier
reproduction. However, there are associated costs, such as a
shorter lifespan and reduced investment in immune function
(53). Calves that have consistently higher feeding rates and
higher meal frequencies could be those situated at the “fast”
end of the continuum, while those that have lower feeding rates
and meal frequencies could be at the “slow” end. Accordingly,
using such data to phenotype individuals at a young age
could enable management strategies such as individualized
feeding plans or identify individuals that may benefit from

smaller group sizes where there is less competition around
the feeder.

A variance partitioning approach such as we present
here provides a relatively simple and scalable way to explore
individual variation in livestock behavior. It is important to
note that our measures of repeatability and predictability
were calculated over a relatively short period (33 days) and
therefore represent estimates of short-term repeatability and
predictability (54). Both short- and long-term intervals are
required to assess the temporal stability of these behavioral
traits and the correlations between them. In addition, while
we included four different cohorts in our study over different
times of year, all calves were housed in the same environment,
were fed the same milk allowance, and each group had the same
number of calves per feeding station. Future studies could vary
these constraints to investigate the contextual consistency of the
between-individual differences and correlations reported here,
evidence of which would further support the hypothesis that the
observed differences in feeding behaviors could be driven by
differences in personality (55). Differences in personality have
been correlated with health and production outcomes (12, 25).
Future studies could also explore the relationship between the
measures reported here and outcomes such as daily live weight
gain or immune function. In this study we did not include
birth weight; its impact could be explored in future studies.
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During our study, we only included clinically healthy calves,
and we manually inspected the calves twice weekly using an
industry standard scoring system in addition to twice-daily visual
inspections (28). However, no gold standard observational test
exists for the diagnosis of ill health in calves (56, 57). It is possible
that calves with subclinical disease could have been included
in our analysis. New technologies may improve the sensitivity
of disease detection by continuously monitoring physiological
parameters such as core body temperature, allowing studies
to better control for the potential effect of subclinical
disease (58).

The approach we present here could be expanded further by
incorporating measures from sensors that can monitor other
behaviors such as general activity and/or social interactions
between calves. Such research could assist in improving our
understanding of between individual variation in these behaviors
and how different behavioral types and predictability estimates
are related to each other. Finally, while quantifying between
individual differences and exploring the relationships between
measures of behavior allows us to hypothesize that personality
traits could be driving among-individual differences, it may be
necessary to employ different statistical approaches to test if
these traits can be measured directly using farm technologies.
One such approach could be structural equation models (59,
60), which could be used to estimate relationships between
such hypothesized latent traits and observed variables such as
feeding behaviors.
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